The matrix metalloproteinase (MMP) family has been implicated in the process of a variety of diseases such as arthritis, atherosclerosis, and tumor cell metastasis. To study the mechanisms of MMP action on collagenous substrates, we have constructed homotrimeric triplehelical peptide (THP) models of the collagenase cleavage sites in types I and II collagen. The THPs incorporate either the ␣1(I)772-786 or the ␣1(II)772-783 sequence. The ␣1(I)772-786 and ␣1(II)772-783 THPs were hydrolyzed by MMP-1 at the Gly-Ile and Gly-Leu bonds, respectively, analogous to the bonds cleaved in corresponding native collagens. Thus, the THPs contained all necessary information to direct MMP-1 binding and proteolysis. Subsequent investigations using the ␣1 ( . We propose that the COOH-terminal domain of MMPs is necessary for orienting whole, native collagen molecules but may not be necessary for binding to and cleaving a THP. This proposal is consistent with the large distance between the MMP-1 catalytic and COOHterminal domains observed by three-dimensional structural analysis and supports previous suggestions that the features of the catalytic domain contribute significantly toward enzyme specificity.
. We propose that the COOH-terminal domain of MMPs is necessary for orienting whole, native collagen molecules but may not be necessary for binding to and cleaving a THP. This proposal is consistent with the large distance between the MMP-1 catalytic and COOHterminal domains observed by three-dimensional structural analysis and supports previous suggestions that the features of the catalytic domain contribute significantly toward enzyme specificity.
The matrix metalloproteinase (MMP) 1 family plays an integral role in both normal and pathological connective tissue remodeling (1) . This accelerated local turnover of the extracellular matrix can be found in such diverse diseases as arthritis, glomerulonephritis, periodontal disease, and tumor cell invasion and metastasis (2, 3) . There are suggestions that, based on their substrate specificities, MMPs may act on the matrix components in a sequential manner (4) . In particular, MMPs are believed to initiate interstitial collagen catabolism and participate in denatured collagen (gelatin) degradation. Interstitial collagens (types I-III) are hydrolyzed at a single locus by MMP-1 (collagenase 1) (5), MMP-8 (collagenase 2) (5), and MMP-18 (collagenase 4) (6). MMP-2 hydrolyzes type I collagen with a similar k cat and a slightly higher K m values than those of MMP-1 at the same single locus (7) . MMP-3 binds to type I collagen but does not cleave the triple-helical domain (8, 9) . MMP-13 (collagenase 3) hydrolyzes type II collagen at both the same site as MMP-1 and at a site three residues proximal (the 778 -779 bond) (10, 11) . MMP-13 cleaves types I and III collagen as well, but not as rapidly as type II (12) . Membrane type 1 MMP (MMP-14) also cleaves interstitial collagens (13) . MMP-14 is 5-7-fold less efficient at hydrolyzing type I collagen than MMP-1 (13) . Several investigations have attempted to define which MMP domains are required for collagenolytic activity. Deletion of the COOH-terminal hemopexin-like domain from MMP-1 (residues 243-450), MMP-8 (residues 243-467), or MMP-13 (residues 249 -451) results in a loss of collagenolytic activity (9, (13) (14) (15) (16) . A chimeric MMP-8 whose linker region (16 residues) between the catalytic and COOH-terminal domains is replaced with the corresponding MMP-3 sequence (25 residues) lost activity toward collagen (17) . Residues 183-191 from the catalytic domain of MMP-1 are also required for collagenolytic activity (18) . Thus, the ability of an MMP to cleave interstitial collagens is dependent upon the combination of catalytic domain, COOHterminal hemopexin-like domain, and the hinge region (18, 19) . However, the exact roles of each of these regions with respect to binding and cleaving the collagen triple helix have not been elucidated. Furthermore, three-dimensional structures of collagenases (20 -26) have indicated that the substrate binding groove in the catalytic domain is too narrow to accommodate the triple-helical collagen molecule unless it unwinds. Thus, a local unwinding of the triple-helical structure must occur before cleaving three ␣ chains of interstitial collagens.
One approach for better defining the mechanisms by which MMPs hydrolyze native interstitial collagens is the utilization of triple-helical peptide (THP) model substrates. Substrates containing only potential cleavage sites would be much smaller than native collagens and thus could be used in combination with mutagenesis to distinguish MMP domains responsible for binding and orienting native collagens, as opposed to domains responsible for unwinding the triple helix and cleaving individual collagen strands. Mechanistic information could be obtained via studies of MMP kinetics and x-ray crystallographic analysis of MMP/THP co-crystals. Also, THP substrates could be used to develop selective substrates for MMP family members, which in turn would allow for the design of specific inhibitors. Based on collagenolytic activities, it is possible that THPs may be used to design selective substrates for MMP-1, MMP-2, MMP-8, MMP-13, MMP-14, and MMP-18.
Successful THP substrates would be required to incorporate a sequence that could be cleaved in triple-helical conformation and also have sufficient thermal stability to remain triplehelical under assay conditions. The interstitial collagen sequences targeted by MMP-1, MMP-2, MMP-8, and MMP-13 have been identified, and a model collagenase cleavage site has been proposed based on the combination of triple-helical collagen primary, secondary, and super-secondary structures (5) . Several methods have been described by which THPs incorporating collagen-like sequences and with T m values greater than 30°C can be synthesized. Our laboratory has developed a solid phase THP synthetic method that features a COOH-terminal Lys covalent branch (27) (28) (29) . A variety of THPs have been constructed for the study of cellular recognition of collagen (27, 30 -32) , including one that incorporates the collagenase cleavage site in type I collagen (31) . The COOH-terminal branching method has also been used to map the platelet ␣ 2 ␤ 1 integrin binding site within type III collagen via THPs (33). Ottl et al. have created heterotrimeric THPs using a COOH-terminal disulfide linkage strategy (34 -36) . The heterotrimeric THPs incorporate the (␣1(I)) 2 ␣2(I)772-785 region and were hydrolyzed efficiently by MMP-8 (34, 36) . A triple-helical model of the bovine type I scavenger receptor incorporating residues 323-340 was assembled by chemoselective ligation using a peptide branch that contains bromoacetylated NH 2 termini and a collagen sequence that contains an NH 2 -terminal Cys (37) . Another recent branching strategy for creating THPs involves the use of an NH 2 -terminal Kemp triacid (38 -40) . Association of (Gly-Pro-Hyp) m -Gly-Xaa-Yaa-(Gly-Pro-Hyp) n sequences have been used for triple-helical structural characterization (41) (42) (43) and nucleic acid binding studies (44) . We have recently described an approach by which the noncovalent association of lipophilic molecules, NH 2 -terminally linked to a peptide, can be used to form stable triple helices (45) (46) (47) .
For the present study, we have constructed THP models of the collagenase cleavage site in types I and II collagen. The THPs incorporate either the ␣1(I)772-786 sequence Gly-ProGln-Gly-Ile-Ala-Gly-Gln-Arg-Gly-Val-Val-Gly-Leu-Hyp or the ␣1(II)772-783 sequence Gly-Pro-Gln-Gly-Leu-Ala-Gly-GlnArg-Gly-Ile-Val (see Fig. 1 ). We have compared the susceptibility of THPs to several MMP family members: MMP-1, MMP-2, MMP-3, and MMP-13. Whereas MMP-1, MMP-2, and MMP-13 cleave type I collagen, MMP-3 does not. The different collagenolytic behaviors of MMP-1, MMP-2, MMP-3, and MMP-13 may be based primarily, although not exclusively, in the COOH-terminal hemopexin-like domain. We have utilized MMP-1, MMP-2, MMP-3, and MMP-13, along with COOHterminal deletions of MMP-1 (residues 243-450) and MMP-3 (residues 248 -460), to examine hydrolysis of potential THP substrates.
EXPERIMENTAL PROCEDURES
Materials-All standard peptide synthesis chemicals were analytical reagent grade or better and purchased from Novabiochem (San Diego) or Fisher. HBTU (2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate) was from Richelieu Biotechnologies (St. Hyacinthe, Quebec). Fmoc (9-fluorenylmethoxycarbonyl)-amino acid derivatives were obtained from Novabiochem. Amino acids are of the L configuration (except for Gly). THPs were synthesized and purified by methods described previously in our laboratory (28, 29, 48) . The synthesis and characterization of the ␣1(I)772-786 THP and ␣1(I)772-786 single-stranded peptide have been published (31) .
Peptide Analyses-Analytical RP-HPLC was performed on a Hewlett Packard 1090 or 1100 Liquid Chromatograph equipped with a Hypersil small pore, narrow bore C18 RP column (5-m particle size, 120 Å pore size, 100 ϫ 2.1 mm). Eluants were 0.1% trifluoroacetic acid in water (mixture A) and 0.1% trifluoroacetic acid in acetonitrile (mixture B). The elution gradient was 0 -50% mixture B in 30 min with a flow of 0.3 ml/min. Detection was at 229 nm. Edman degradation sequence analysis was performed on an Applied Biosystems 477A protein sequencer/ 120A analyzer as described (49) for "embedded" (noncovalent) sequencing. MALDI-TOF-MS was performed on a Hewlett-Packard G2025A LD-TOF mass spectrometer using either a sinapinic acid or 2,5-dihydroxybenzoic acid/2-hydroxy-5-methoxybenzoic acid (9:1, v/v) matrix (50) .
Circular Dichroism Spectroscopy-CD spectra were recorded over the range ϭ 190 -250 nm on a JASCO J-600 using either a 0.1-or 1.0-cm path length quartz cell. Thermal transition curves were obtained by recording the molar ellipticity ([⌰]) at ϭ 225 nm while the temperature was increased continuously in the range of 5-80°C at a rate of 0.2°C/min. The temperature was controlled using a JASCO PTC-348WI temperature control unit. For samples exhibiting sigmoidal melting curves, the reflection point in the transition region (first derivative) is defined as the melting temperature (T m ). Alternatively, T m was evaluated from the midpoint of the transition.
Matrix Metalloproteinases-Pro-MMP-1 (51) and pro-MMP-3 (52) were purified from the culture medium of human rheumatoid synovial cells stimulated with rabbit macrophage-conditioned medium. Pro-MMP-2 was purified from the culture medium of human uterine cervical fibroblasts (53) . Pro-MMP-2 was activated by reacting with 1 mM 4-aminophenylmercuric acetate at 37°C for 45 min. Pro-MMP-1 was activated by reacting with 1 mM 4-aminophenylmercuric acetate and an equimolar amount of MMP-3 at 37°C for 6 h. After activation, MMP-3 was completely removed from MMP-1 by affinity chromatography using an anti-MMP-3 IgG Affi-Gel 10 column. Pro-MMP-3 was activated to the 45-kDa MMP-3 by reacting with 5 g/ml chymotrypsin at 37°C for 2 h. Chymotrypsin was inactivated with 2 mM diisopropylfluorophosphate. Pro-MMP-13 was a generous gift from Dr. P. G. Mitchell, Pfizer, Inc. Pro-MMP-13 was activated with 1 mM 4-aminophenylmercuric acetate. Pro-MMP-1(⌬ ) and pro-MMP-3(⌬ 248 -460 ) were expressed in Escherichia coli using the expression vector pET3a (Novagen), refolded from inclusion bodies, and purified as described previously (54) . Both zymogens were activated as described above for the full-length pro-MMP-1 and pro-MMP-3. The amounts of active MMP-1, MMP-2, MMP-3, and MMP-13 were determined by titration with recombinant tissue inhibitor of metalloproteinases-1 (55) over a concentration range of 0.1-3 g/ml.
Assays-Two different assay methods were utilized, the first for Edman degradation sequence analysis and the second for mass spectrometric and fluorometric analyses. For the first assay method, THPs were prepared as 260 M stock solutions in phosphate-buffered saline (PBS). Initial MMP assays were carried out by incubating 40 M substrate in either PBS or TNC buffer (50 mM Tris⅐HCl, pH 7.5, 0.15 M NaCl, 10 mM CaCl 2 , 0.05% Brij-35, 0.02% NaN 3 ) with 67 nM enzyme for 24 h at 37°C. Subsequent assays were performed with 2 or 20 nM MMP-1 and MMP-1(⌬ 243-450 ) for 4 h at 37°C. These reactions were stopped by adding 130 l of 3% (v/v) glacial acetic acid. The fluorogenic substrates NFF-1 (MoAc-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Lys(DNP)-Gly, where MoAc is (7-methoxycoumarin-4-yl)acetyl and DNP is 2,4-dinitrophenyl) and NFF-3 (MoAc-Arg-Pro-Lys-Pro-Val-Glu-NvaTrp-Arg-Lys(DNP)-NH 2 , where Nva is norvaline) were used for assays of MMP-2 and MMP-3, respectively, as described (56) . TNC buffer was found to interfere with Edman degradation sequence analyses. Thus, PBS was the preferred buffer for these assays, with the exception of MMP-2, which was the only MMP tested which required TNC buffer for activity.
For the second assay method, THPs were prepared as 270 M stock solutions in "fluorometric assay" buffer (50 mM Tricine, pH 7.5, 200 mM NaCl, 10 mM CaCl 2 , 0.05% Brij-35). MMP assays were carried out in assay buffer by incubating a range of substrate concentrations with 40 nM enzyme at 30°C. Enzymatic activity was terminated by the addition of 20 l of the enzyme/substrate solution to 30 l of ophenanthroline (20 mM) at the appropriate times. Rates of hydrolysis were monitored by the addition of 200 l of fluorescamine solution. Fluorescamine solution was prepared by first dissolving fluorescamine in acetone at a concentration of 40 mM, then diluting the fluorescamine concentration to 5 mM with assay buffer minus Brij-35. Fluorescamine reacts with free amino groups, resulting in a fluorophore with excitation ϭ 387 nm and emission ϭ 480 nm. Fluorescence was measured on a Molecular Devices SPECTRAmax Gemini Dual-Scanning Microplate Spectrofluorometer. Initial velocities were obtained from plots of fluorescence versus time, using only data points corresponding to less than 40% full hydrolysis. The slope from these plots was divided by the fluorescence change corresponding to complete hydrolysis and then multiplied by the substrate concentration to obtain initial velocity in units of M/s.
RESULTS
Two different THPs were constructed as possible MMP substrates (Fig. 1) . The first incorporated the ␣1(I)772-786 sequence between an NH 2 -terminal (Gly-Pro-Hyp) 6 domain and a COOH-terminal covalent branching structure. The ␣1(I)772-786 THP has been described previously (31) . It has T m values of ϳ43°C in acetic acid/water (1:99) (31) and 32°C in 0.01% (v/v) fluorometric assay buffer (Fig. 2) , which is a desirable thermal stability for an MMP substrate. The stability of triple-helical peptides has previously been found to be enhanced in acetic acid compared with buffer systems such as PBS (57) . The second THP incorporated the ␣1(II)772-783 sequence between an NH 2 -terminal (Gly-Pro-Hyp) 6 domain and a COOH-terminal covalent branching structure. The composition and homogeneity were confirmed by Edman degradation sequence analysis, RP-HPLC, and MALDI-MS. The ␣1(II)772-783 THP has a T m ϳ33°C in acetic acid/water (1:99), which is adequate thermal stability for testing as an MMP substrate.
The THPs were tested as potential substrates for MMP-1. Both THPs were found to be completely stable after overnight incubation at 37°C in either PBS, TNC, or fluorometric buffer (see Fig. 3A ). 
Triple-helical Substrates
analysis indicated that the THPs were cleaved by MMP-1 (data not shown). Edman degradation sequence analysis of the ␣1(I)772-786 THP cleavage products (Fig. 3B) showed that MMP-1 hydrolysis occurred exclusively at the Gly-Ile bond, as the only amino acids seen in first cycle are PTH-Gly (emanating from the NH 2 terminus of the intact THP or the NH 2 -terminal fragment of the cleaved THP) and PTH-Ile (emanating from the COOH-terminal fragment of the cleaved THP). The molar ratio of PTH-Ile to PTH-Gly was 1:1, indicating complete cleavage of the THP. MMP-1 hydrolysis of the ␣1(I)772-786 THP was also examined by MALDI-MS. The intact ␣1(I)772-786 THP has a mass of 9,844 Da. If the Gly-Ile bond is cleaved, the two products generated are the singlestranded NH 2 -terminal peptide (Gly-Pro-Hyp) 6 THP has a mass of 9,047.2 Da. If the Gly-Leu bond is cleaved, the two products generated are the single-stranded NH 2 -terminal peptide (Gly-Pro-Hyp) 6 -Gly-Pro-Gln-Gly ( [MϩNa] ϩ ϭ 1,983.1 Da) and the branched COOH-terminal peptide (LeuAla-Gly-Gln-Arg-Gly-Ile-Val) 3 -(Lys, Lys)-Tyr-Gly ([Mϩ3Na] ϩ ϭ 3,229.9 Da). Mass spectrometric analysis of MMP-1 hydrolysis showed two products of mass 1,984.4 and 3,244.3 Da. Thus, both Edman degradation sequence analysis and MALDI-MS analyses indicated that MMP-1 cleaved the ␣1(II)772-783 THP exclusively at the Gly-Leu bond. This is the analogous bond cleaved by MMP-1 in native type II collagen (59) .
Although both the ␣1(I)772-786 and ␣1(II)772-783 THPs were substrates for MMP-1, the greater thermal stability of the ␣1(I)772-786 THP meant that a larger percentage of this substrate was triple-helical at the desired assay temperatures. Thus, subsequent studies used only the ␣1(I)772-786 THP. The triple-helical activity of other MMPs was examined at 37°C. Sequence and mass spectrometric analysis indicated that MMP-13 cleaved the THP at the same Gly-Ile locus as MMP-1 (Fig. 4A) . PTH-Pro and PTH-Hyp were detected in the first sequencing cycle (Fig. 4A) , suggesting that the THP NH 2 -terminal Gly and Pro residues were hydrolyzed to a small degree by MMP-13. MMP-13 may possess some NH 2 -terminal exopeptidase or endopeptidase activity compared with MMP-1. Sequence analysis indicated that MMP-2 cleaved the THP at two loci, Gly-Ile and Gly-Gln. The ratio of cleavage was 3:1, determined by comparing PTH-Val with PTH-Leu in cycle 7 (Fig.  4B) . In contrast to MMP-13 and MMP-2, neither sequence nor mass spectrometric analysis could detect any MMP-3 cleavage (Fig. 4C) . Simultaneous studies using the fluorogenic substrate NFF-3 indicated that MMP-3 was active. For example, treatment of NFF-3 with MMP-3 resulted in a rapid increase in substrate fluorescence and mass spectrometric detection of two peptide products corresponding to MoAc-Arg-ProLys-Pro-Val-Glu and Nva-Trp-Arg-Lys(DNP)-NH 2 .
Individual kinetic parameters for MMP hydrolysis of ␣1(I)772-786 THP were next determined using a fluorescencebased assay at at 30°C.
2 Kinetic parameters were determined by Lineweaver-Burk, Eadie-Hofstee, and Woolf analyses. The relative order of k cat /K m values is MMP-2 Ͼ MMP-13 Ͼ MMP-1 (Table I) (Table II) showed a considerably lower k cat /K m value for hydrolysis of the single-stranded peptide. The K m value is 10-fold higher for the single-stranded peptide.
The COOH-terminal hemopexin-like domain has been proposed to be essential for MMP collagenolytic activity (19) (Table I ). The COOH-terminally deleted MMP-3 (MMP-3(⌬ 248 -460 )), which is capable of cleaving single-stranded collagen-like sequences (59), did not cleave the THP (Fig. 5B) . DISCUSSION A variety of structural analyses have been performed previously on MMP family members, and the functions of the three enzyme domains have been proposed based on their behavior toward native collagen (19) . In the present study we examined the suitability of synthetic THPs as peptide models of native collagens. THPs would allow for a better understanding of the specific functions of MMP domains and could be used as selective substrates and subsequently specific inhibitors of these enzymes. We found that cleavage of the THPs did occur with MMP-1 and only at the analogous Gly 775 (34, 36) . We can thus assume that THPs thus contain all the necessary information to direct the MMP binding and proteolysis. These results support a prior model of the cleavage sites in interstitial collagens which suggests all of the information necessary for efficient hydrolysis of collagen is contained in a 24-residue stretch (5). Cleavage site regions are distinguished by a low content (Ͻ10%) of charged residues in addition to being "tightly" triple-helical prior to the cleavage site and "loosely" triple-helical following the cleavage site (5).
MMP-2 was also found to cleave the ␣1(I)772-786 THP. Cleavage occurred at two sites, the Gly-Ile bond and the GlyGln bond. The ratio of cleavage indicated a preference for the Gly-Ile bond, and the detection of PTH-Val in cycle 7 (Fig. 4B) suggested an initial cleavage of the Gly-Ile bond. One scenario is that MMP-2 first cleaved the Gly-Ile bond, then cleaved the Gly-Gln bond of the COOH-terminal fragment which presumably readily denatured at 37°C upon the initial hydrolysis of the THP. MMP-2 cleaves native type I collagen primarily at the Gly-Ile bond in the ␣1(I) chain and the Gly-Leu bond in the ␣2(I) chain at 25°C (9), whereas MMP-2 cleaves Gly-Gln bonds in denatured collagen (gelatin) and collagen-model singlestranded peptides (for review, see Ref. 59 ). However, subsequent mass spectrometric analysis 2 has shown the presence of the NH 2 -terminal fragments resulting from the cleavage of the Gly-Gln bond within THPs, indicating that MMP-2 is cleaving the intact triple helix at two locations. This result is consistent with the general proteolytic behavior reported for MMP-2 (36) .
It has been proposed that the ability of an MMP to cleave a triple helix is lost when the COOH-terminal domain or the hinge region between the catalytic and COOH-terminal domain is replaced with one from MMP-3 (17, 19, 60) . We thus examined the behavior of MMP-1(⌬ 243-450 ) toward THPs. Cleavage of the ␣1(I)772-786 THP did occur with MMP-1(⌬ 243-450 ), at the same Gly-Ile bond cleaved by MMP-1. Comparison of kinetic parameters indicated that MMP-1 hydrolyzed the THP with a lower K m value than MMP-1(⌬ 243-450 ) ( Table I) . Consistent with these results, both MMP-8 and MMP-8(⌬ 243-467 ) hydrolyzed a heterotrimeric THP (34) . For triple-helical substrates we propose that the COOH-terminal domain of MMP-1 is necessary for orienting the whole, native collagen molecule but not necessary for binding to and cleaving a triple helix. This proposal is consistent with the large distance observed between the MMP-1 catalytic and COOH-terminal domains observed by x-ray structural analysis (24, 60) and the fact that the MMP-1 COOH-terminal domain alone binds native collagen (9) but not synthetic triple helices (36) . In addition to the MMP-1 catalytic domain possessing triple-helicase activity, there are specific of 3% (v/v) glacial acetic acid, and the reaction mixture was subject to Edman degradation sequence analysis. PTH-derivative profiles are given for THP hydrolysis by MMP-13 (first cycle, panel A), MMP-2 (seventh cycle, panel B), and MMP-3 (first cycle, panel C). (18) .
The work presented here has shed some light on the role of MMP domains in hydrolysis of triple helices. Overall, the domains of MMPs that cleave interstitital collagens need to manipulate the substrate in several ways. In vivo, interstitial collagens are found as fibrils, not as individual triple helices. Fibrillar structure greatly stabilizes the collagenase cleavage site within individual triple helices (61, 62) . To initiate in vivo collagenolytic activity, an MMP must bind fibrils and destabilize fibril structure. MMPs appear to access triple helices at the outer edges of the fibril (63) . The MMP COOH-terminal domain would seem to be important for this process. The next step is to unwind individual triple helices and cleave the strands of the triple helix. The MMP catalytic domain can perform these functions. For hydrolysis to occur, the MMP also needs to access water molecules. Prior studies have shown the activation energy for MMP-1 hydrolysis of type I collagen in solution and in fibrils is 49.2 and 101 kcal/mol, respectively (64) . The high activation energy correlates to triple-helical structure. Substitution of deuterium for hydrogen slowed collagenolysis 9-fold for fibrils and 2-fold in solution (64) . Similar results were seen for MMP-1 hydrolysis of type III collagen (62) . K m was not effected by deuterium exchange. These results suggest that water is involved in the rate-determining step of MMP degradation of collagen, with the accessibility of water to the cleavage site playing a role in this step. One must then consider where the water needed for hydrolysis may come from.
Fibrils are composed of associated monomeric triple helices stabilized by hydration forces (65) (66) (67) (68) , possibly including Hypbridged water molecules (69 -71) . NMR analysis of collagens and x-ray analysis of triple-helical peptides indicates an ordered layer of water surrounding the triple helix (70 -75) . Collagens have slowly exchangeable protons that are hydrogenbonded (76) . MMP-1 hydrolysis of type X collagen had an activation energy similar to that for type I collagen, but a much lower deuterium isotope effect (77) . This suggests that type X collagen allows for greater water accessibility than type I collagen, even in solution (as opposed to the fibrillar form of type I collagen). Because type X collagen contains interruptions in its triple helix (78) and triple-helical interruptions can result in additional water bridges (73, 79) , the greater water accessibility is probably the result of more loosely bound water molecules being present in type X collagen. Thus, MMPs use substratebound water to help hydrolysis. Whether the COOH-terminal domain is required for this function can be evaluated from future kinetic studies with THPs and mutant MMPs. The removal of water may also play a role in destabilizing the substrate.
If the water was important for triple-helical stability, then removal by the enzyme could destabilize the triple helix and allow for hydrolysis. Alternatively, if the water does not contribute greatly toward substrate structural stability, then its removal would be easier for the enzyme. One would think that if water removal destabilizes the helix, then the enzyme would cleave multiple sites within the native collagen. There are other sites within the type I collagen triple helix, for example, which appear to have sequences that would be susceptible to MMP-1 (5). Because this does not occur, water is probably not contributing to stability of individual triple helices in a major way. Recent work suggests that the hydration layer does not contribute significantly to the stability of individual triple helices (57, 80 -82) , and thus its role may only be in stabilizing the fibril structure. The enzyme must unwind the substrate to some degree. Triple helices do have backbone mobilities, even in fibrils, as detected by one-and two-dimensional NMR experiments using 2 H-, 13 C-, and/or 15 N-labeled collagens and triple-helical peptides (47, (83) (84) (85) (86) . The T m of collagens closely matches the physiological temperature of the parent organism (76), allowing for some flexibility in the collagen strands. Interestingly, MMPs do not cleave potential cleavage sites that are too thermally stable (5, 18, 87) .
The kinetic parameters for MMP hydrolysis of THPs differ from those for collagen. (29, 34, 35) will help determine the role of the ␣2(I) chain in enzyme kinetics. Triplehelical peptides containing diverse sequences may have subtle structural variations (88) and may not be encased by the shell of water in the same fashion that collagens are, which could have a significant effect on individual kinetic parameters for MMP hydrolysis of triple helices.
Our results indicate that triple-helical substrates can be utilized to discriminate among MMP family members. MMP-3 did not cleave the ␣1(I)772-786 THP, even though MMP-3 has been found to cleave sequences analogous to ␣1(I)772-786 in single-stranded form (59) . A number of MMPs have been shown to cleave triple-helical collagenous substrates (6, 9, 59) . For example, the interstitial collagens are substrates for MMP-1, MMP-2, MMP-8, MMP-13, MMP-14, and MMP-18 whereas basement membrane (type IV) collagen is a substrate for MMP-2, MMP-3, MMP-7, MMP-9, MMP-10, and MMP-12 (3, 4, 89) . Sequences within triple-helical domains hydrolyzed by many of these MMPs have been identified (5, 7, 58, 59) . By varying the sequence within THPs, we can hope to design selective fluorogenic substrates that incorporate triple-helical structures.
